patients who suffered from liver disease prior to the burn injury. They showed that liver disease increased the mortality risk from 6% (total population) to 27%. The increased risk held when they compared this group with a propensity score-matched group of patients without liver disease but with similar demographics and medical comorbidities. The authors concluded that liver impairment worsens the prognosis in patients with thermal injury [14] and liver integrity is essential for survival after burn. However, a burn injury causes liver injury which persists over a prolonged time [10, 11, 15] . Hepatic changes at the cellular level after burn injury included increased hepatocyte apoptosis and an overall decrease in the production of constitutive serum proteins such as albumin [10, 12, 13] . Increased apoptosis is a central component of organ dysfunction in many pathological states, including diseases affecting liver function [16] [17] [18] 
. Thus, it is likely that increased cell death contributes to compromised hepatic function after burn. However, the mechanisms by which burn injury induces acute and lasting changes in hepatic function are poorly understood. Elucidating the molecular events which lead to compromised hepatic function after burn is critical for developing therapeutic strategies for decreasing mortality and improving longterm outcome of these patients.

Experimental procedures Animal model of burn injury
All animal procedures conformed to the NIH Guide for the Care and Use of Laboratory Animals and were approved by the University of Texas Medical Branch Institutional Animal Care and Use
Committee. Adult male Sprague-Dawley rats weighing 300-350 g were housed in wire bottom cages with a 12-hr light-dark cycle. All animals were acclimated to their environment for 7 days. Rats received water ad libitum for the entire study period. Sixty percent total body surface area (TBSA) burns were administered as previously described [19] . All 
Western blotting
Western blotting was accomplished using standard techniques as described [20] . 
Antibodies
Subcellular fractionation
Subcellular fractionations were performed exactly as described previously [21, 22] . Fig. 2A [21, 22] . This association can be specifically monitored by examining the subcellular redistribution of cytochrome c from mitochondrialenriched fractions to ER-enriched fractions [21, 22] [21] and (ii ) dominant negative peptides which block this interaction Fig. 3B, serum [25] . Accumulation of misfolded proteins in the ER lumen would in turn lead to activation of the ER stress response [26] (Fig. 3C) 
Mass spectroscopy
Identification of proteins by trypsin digestion and matrix assisted laser description/ionization-time of flight mass spectrometry (MALDI-TOF) was performed by the Mass Spectrometry Core of the Biomolecular Resource Facility at the University of Texas Medical Branch.
Mitochondrial isolation and respiration
Fig. 1 Burn injury causes hepatic damage, dysfunction and hepatocyte apoptosis. Hepatic dysfunction of the rat burn model mimics the post-burn human disease state. (A) Serum aspartate aminotransferase (AST) 24 and 48 hrs after burn injury (each time-point represent eight animals per group). (B) Serum alanine aminotransferase (ALT) 24 and 48 hrs after burn injury (each time-point represent eight animals per group). (C) Serum albumin 24 and 48 hrs after burn injury (each time-point represent eight animals per group). (D) Caspase-3 activity in liver cytosolic fractions was determined by fluorometric Asp-Glu-Val-Asp cleavage assays, as described previously [22]. The data represent the average of three separate experiments. Each experiment was performed in triplicate. (E) TUNEL staining of a liver section before (control) and 24 hrs after burn injury (burn). Arrow indicates TUNEL positive cells (F) Quantified TUNEL-positive cells 24, 48 and 120 hrs after burn injury (each time-point represent eight animals per group). Time after injury in hours is indicated. C, control; B, burn. Data in this and subsequent figures are the mean Ϯ S.E.M. *P Ͻ 0.05. also eliminates this translocation in hepatocytes [22]. Although correlative, this finding strongly suggests that cytochrome C binding to IP3R after burn mediates hepatocyte apoptosis in vivo. Cytochrome c oxidase (CytOx) serves as a control for the distribution of the mitochondria. To further examine the molecular changes which occur in the liver after burn injury, we performed onedimensional SDS-PAGE and MALDI-TOF to identify abundant proteins which display changes in expression levels in whole liver lysates 24 hrs after burn injury. As shown in
. ER stress is sensed by the transmembrane proteins IRE-1 and PKRlike ER kinase (PERK), which undergo oligomerization and phosphorylation in response to the presence of misfolded ER luminal proteins [27]. To determine if ER stress is induced in the liver in vivo 24 hrs after burn injury, we prepared lysates from whole liver from two control and six injured animals. Consistent with our hypothesis that burn injury induces ER stress, we found increased phosphorylation of IRE-1 and PERK
Fig. 2 Burn injury results in significant alterations of hepatocyte calcium homeostasis. (A) Representative fura-2 ratio images of cytosolic calcium in isolated hepatocytes from a control and an animal 24 hrs after burn injury. Ratio values are pseudo-coloured as per the scale bar. (B) Histogram of resting cytosolic calcium in control (black bars) and burned (red bars) hepatocytes (n ϭ 70 for each condition). (C) Single cell imaging of depletion of endoplasmic reticulum calcium stores with thapsigargin (TG) in control hepatocytes (black) and hepatocytes isolated from burned animals (red). Each trace is an average of 20 hepatocytes from a single experiment. (D) Quantified TG-releasable stores in hepatocytes isolated from control (black) and burned (red) animals pooled from three separate experiments. Peak release is quantified as the change in ratio (⌬R) divided by the initial ratio (R). (E) Single cell imaging of hepatocyte responses to Arg-vasopressin (AVP) in hepatocytes isolated from control (black) and burned (red) animals. (F) Quantified responses to vasopressin in hepatocytes isolated from control (black) and burned (red) animals. (G) Single cell imaging of hepatocyte responses to extracellular ATP in hepatocytes isolated from control (black) and burned (red) animals. (H) Quantified responses to ATP in hepatocytes isolated from control (black) and burned (red) animals.
up-regulation of the ER calcium ATPase SERCA-1 and the ER-resident calcium channel IP3R type 1. Up-regulation of SERCA-1 may be an adaptive response to ER calcium store depletion, while upregulation of IP3R is known to be associated with increased susceptibility to apoptotic cell death [28] . Many of these effects persisted up to 48 and 72 hrs after burn injury (not shown). Apoptosis induction in response to ER stress is mediated by the BH3 only Bcl-2 family member Bim [29] . We found significant induction of BimL, and to a lesser extent BimEL (Fig. 3C) . Furthermore, we saw up-regulation of phospho Jun N terminal kinase (Fig. 3C) , which is also associated with pro-apoptotic ER stress signalling. Thus, these results indicate a significant induction of the hepatic ER stress response and pro-apoptotic signalling pathways in vivo after burn, which likely contributed to liver dysfunction. As these experiments were performed in whole liver lysates, it is possible that the observed changes occurred in non-parenchymal cell types. However, as most TUNEL-positive cells in liver sections are hepatocytes (Fig. 1E) , we believe that this interpretation is unlikely.
Increases in cytosolic calcium are known to be associated with mitochondrial calcium overload, release of pro-apoptotic factors, decreased respiration and swelling [30] . The consequences of these (Fig. 4A) . Mitochondria from injured animals were also more susceptible to calcium-induced swelling (Fig. 4B) . To examine mitochondrial structure in situ, we performed transmission electron microscopy of liver sections from control and thermally injured animals. We observed a significant loss of mitochondrial electron density and cristae in liver sections of burned animals ( Fig. 4C and D) . In addition, our electron microscopy analysis revealed focal dilation of the rough ER after burn injury (Fig. 4D, arrows) (Fig. 3A) [21] . Second, the expression levels of one of the hepatic IP3R channels, IP3R-1, is up-regulated after burn injury (Fig. 3C) . Up-regulation of IP3R protein levels is associated with increased susceptibility to calcium store depletion and apoptotic cell death [28, [31] [32] [33] [37, 38] . Consistent with this hypothesis, Fasdependent hepatocyte apoptosis requires IP3R activity [22] .
Fig. 3 Thermal injury induces hepatic endoplasmic reticulum (ER) stress response in vivo. (A) Cytochrome c and cytochrome c oxidase (CytOx) distribution in mitochondrial (mito), cytosolic (cyt) and ER fractions from three pairs of control and burned animals 24 hrs after injury. Cytochrome c appearance in the ER fraction is indicated by a red asterisk. (B) Proteins which display prominent alterations 24 hrs after burn injury. Bands are detected by Coomassie staining. Band identities were determined by trypsin digestion and MALDI-TOF. (C) Western blots of ER stress proteins and ER
We found that depletion of ER calcium stores resulted in ER stress and mitochondrial dysfunction, both of which likely contribute to hepatocyte apoptosis and subsequent liver dysfunction. This finding is of therapeutic significance, because limiting the unfolded protein burden with 'chemical chaperones' may promote hepatocyte survival [39] . Furthermore, the ongoing development of pharmacological agents which limit pro-apoptotic ER stress signalling pathways may have therapeutic benefits such as improving organ function and patient survival [40] .
The 
